SrTiO 3 thin films were deposited on Si(p-type 100), Pt(1000 Å)/SiO 2 /Si and stepped Pt(800 Å)/SiO 2 /Si substrates using electron cyclotron resonance plasma enhanced metal organic chemical vapor deposition (ECR-PEMOCVD) to study the effects of deposition temperature and composition on the properties of SrTiO 3 thin films. The crystallinity and dielectric properties of SrTiO 3 thin films were improved as the deposition temperature increased. We observed a distinct correlation, not between step coverage and deposition temperature, but between the step coverage and the composition. The composition of the film was changed by changing the flow rate of one of the carrier gas but fixing that of the other, with the deposition temperature fixed at 550
Introduction
Paraelectric SrTiO 3 and (Ba,Sr)TiO 3 (BST) thin films have been intensively investigated for giga-bit-scale dynamic random access memory (DRAM) applications because of their high dielectric constants at high frequencies, excellent chemical and thermal stability and outstanding insulting properties. A number of methods have been used to fabricate SrTiO 3 and BST thin films. Electron cyclotron resonance plasma enhanced metal organic chemical vapor deposition (ECR-PEMOCVD) has gained significant importance for depositing a variety of dielectric thin-film materials, and MOCVD is often considered to be the best technique for actual applications due to its excellent features, such as easy scale up to industrial levels and the uniform coverage of surface irregularities for stacked capacitor structures to be used in giga-bit-scale DRAM.
Up to now, studies on SrTiO 3 and BST thin films consist mainly of studies on the dielectric properties of the films fabricated under different deposition conditions (deposition temperature and pressure) and postannealing conditions (annealing temperature and annealing atmosphere). 2, 3, 7, 11) Three-dimensional structures are certainly needed as the DRAM device density increases to achieve the required capacitance in a given area. Thus the step coverage (conformity) of the films is very important in three-dimensional structures. However, there are which are mostly few studies on the effects of process parameters on step coverage, 9) and most of them are based on simulation, and the effects of deposition temperature. There are few studies concerning the effects of composition on step coverage.
The properties of SrTiO 3 thin films such as crystallinity, however dielectric properties and step coverage depend on their composition. However, controlling the composition of SrTiO 3 thin films using MOCVD is not easy. In this study, the composition of SrTiO 3 thin films was controlled by varying the flow rate of the carrier gas for the Ti precursor, and we investigated the effects of composition on the step coverage of SrTiO 3 thin films.
Experimental
A schematic diagram of the ECR-PEMOCVD system is shown in Fig. 1 . Sr-ditetramethylheptanedionato [or Sr(TMHD) 2 ] and Ti-isopropoxide [or TIP] were used as the metal organic precursors, and oxygen was used as the oxidant. NH 3 and Ar gases were used as carrier gases for Sr(TMHD) 2 and TIP, respectively. The stainless steel bubbler containing TIP was maintained at 40
• C in an oil bath. A modified membrane evaporator instead of a conventional boat-type evaporator was used in order to increase the vapor pressure of Sr(TMHD) 2 by increasing the contact area between the precursor and carrier gas. A stainless steel membrane with 5 µm pores was used that allow may passage of the NH 3 carrier gas but not that of the precursor melt.
Si(p-type 100), Pt(1000Å)/SiO 2 /Si and stepped Pt(800 Å)/ SiO 2 /Si substrates were used for different purposes. The step coverage was measured for the SrTiO 3 thin films deposited on stepped Pt(800Å)/SiO 2 /Si substrates. Figures 2 shows the definition of step coverage used in this study. For the DRAM structure, both the capacitors on the top and the side of the structure are used, so that this definition of step coverage is practical for stacked capacitors. The deposition parameters used in this study were the deposition temperature and the flow rate of Ar carrier gas as summarized in Table I . The film thickness was measured by an ellipsometer and a color chart and confirmed by scanning electron microscope (SEM) micrographs of the fracture surfaces. The crystal structure was analyzed by X-ray diffraction (XRD) using Cu Kα radiation, and wavelength dispersive X-ray spectroscopy (WDXS) was used for the composition analysis. The surface morphology and step coverage of the films were analyzed by SEM. The electrical properties were measured on the Pt dots deposited as the top electrodes using a contact mask, and Pt/SrTiO 3 /Pt/SiO 2 /Si thin films were annealed at 650
• C in an O 2 atmosphere before as the electrical measurement. The relative dielectric constant with applied voltage as obtained using a HP 4275A at a frequency of 1 kHz.
Results and Discussion
The XRD intensity, relative dielectric constant and step coverage of SrTiO 3 thin films deposited at different temperatures are shown in Figs. 3(a)-3(d) . The XRD intensity of the (100) peak of SrTiO 3 thin films increased with the deposition temperature and the full-width at half maximum (FWHM) of the (100) peak decreased, indicating that the crystallinity was improved as the deposition temperature increased. The relative dielectric constant of annealed SrTiO 3 thin films increased with the deposition temperature, which is a typical trend for SrTiO 3 thin films and may be caused by the improvement in the crystallinity. However we did not observe a distinct correlation between the step coverage and the deposition temperature. Insets in the parentheses are the composition (Sr/Ti ratio) of SrTiO 3 thin films. The relationship between the step coverage and the Sr/Ti ratio is redrawn in Fig. 4 . The step coverage was improved as the Sr/Ti ratio increased (as the films consisted of higher Sr content) up to the stoichiometric composition (Sr/Ti = 1) and showed a saturated value of about 55% as the Sr/Ti ratio increased beyond the stoichiometric composition. A possible cause of this result may be speculated with difference in the sticking coefficient between two precursors for Sr and Ti. It has been generally agreed that the sticking coefficient of Sr(TMHD) 2 is smaller than that of TIP. 6) An ECR plasma has directionality because of the magnetic flux line and significantly activates the precursor, so that the films deposited using ECR plasma enhanced CVD usually show poor conformity than those deposited using thermal CVD. When the sticking coefficient is comparably high at a low Sr/Ti ratio, the deposition rate is higher at the top surface than at the side because of the directionality, and the film shows a relatively low step coverage. The step coverage is improved when precursors having lower sticking coefficient are used at a high Sr/Ti ratio. This speculation may explain the observation seen in the relationship between the step coverage and the Sr/Ti ratio in which the step coverage was improved as the Sr content in the films increased. Yamashita et al. reported that the sticking coefficient can be changed by the interaction of precursors in PbTiO 3 thin films, and that the sticking coefficient of Ti precursor decreases as the Pb content increases. 14) Therefore, it can be suggested that the sticking coefficient is affected by the interaction of precursors in multi-component thin films, and the step coverage of the films is affected by the variation in the sticking coefficient, which is affected by the interaction of precursors as well as by the sticking coefficient of the precursor itself.
Insets in the parentheses in Fig. 4 are the deposition temperatures. Both the composition and the deposition temperature, which affect the step coverage, were changed in these data sets, and it is almost impossible to distinguish between the compositional and deposition temperature effects on step coverage in Fig. 4 . Source vapors were activated by ECR plasma, and the temperature contribution on the deposition rate is usually decreased in the ECR-PEMOCVD. 11) In order to test the compositional effects on the step cover- age, with the deposition temperature fixed, the composition of the films was changed by changing the flow rate of carrier gas of one precursor but fixing the other. In this study, when the deposition temperature was fixed at 550
• C, the SrTiO 3 thin film showed the optimum crystallinity and dielectric properties in the temperature range tested in this study as shown in Fig. 3 . The composition was controlled by changing the flow rate of Ar carrier gas for TIP from 1.4 to 5 sccm, and we investigated the effects of the composition on crystallinity and step coverage of SrTiO 3 thin films. Figure 5 shows the composition of SrTiO 3 thin films deposited at different flow rates of Ar carrier gas. All the films were Ti-rich, and the composition of the SrTiO 3 thin film deposited at 2 sccm approached to the stoichiometric composition.
The XRD patterns of the films deposited on the Pt/SiO 2 /Si substrate are shown in Fig. 6 . The XRD patterns of SrTiO 3 thin films except that of the film having the almost stoichiometric composition showed only the substrate peaks, which indicated that the films consist of an amorphous phase. The XRD pattern of the SrTiO 3 thin film with the near stoichiometric composition [ Fig. 6(a) ] consisted of the (100), (110) and (200) peaks as well as the substrate peaks. The intensity of the (200) peak is relatively high, indicating that the film has a preferred orientation. The formation of the preferred orientation may be speculated by considering the atom arrangement. In SrTiO 3 with the perovskite structure, the (110) plane consists of Sr-Ti-O, and the Sr/Ti ratio is one. Therefore, films with the stoichiometric composition is easy to have (110) orientation. However, the (100) and (200) This speculation agrees with the observation made in the films with Ti-rich composition (the intensity of the (200) peak is the highest). Although the films are not stoichiometric, the peaks of second phases do not exist. The effects of composition on step coverage of SrTiO 3 thin films are shown in Fig. 7 . The step coverage of SrTiO 3 thin films was improved as the Sr/Ti ratio increased, which is consistent with the observation made in Fig. 4 . The step coverage increased and appeared to be saturated at about 55%, which is also consistent with the observation made in Fig. 4. 
Conclusion
The XRD intensity of the (100) peak (the crystallinity) of SrTiO 3 thin films and the relative dielectric constant of annealed SrTiO 3 thin films increased with the deposition temperature. We did not observe a distinct correlation between step coverage and the deposition temperature. When the deposition temperature was fixed at 550
• C, the SrTiO 3 thin film showed the best crystallinity and dielectric constant in the deposition temperature range tested in this study. The composition of the films was changed by changing the flow rate of Ar carrier gas for Ti. The step coverage of SrTiO 3 thin films was improved as the Sr/Ti ratio increased and appeared to be saturated at about 55%. This trend in the step coverage is affected by variations in the sticking coefficient, which are affected by the interaction of precursors as well as by the sticking coefficient of the precursor itself.
